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Abstract 
The adsorption characteristics of gold and palladium from hydrochloric acidic solutions onto the ethylenediamine-modified 
persimmon tannin adsorbent (EPPFR) have been investigated. Amine groups was successfully introduced into persimmon tannin 
resin to prepared this bifuctional adsorbent. Effects of HCl concentration, contact time, metal ions concentration, temperature 
were studied in detail. The adsorption capacity was strongly affected by HCl concentration. The complete adsorption equilibrium 
of Au(III) and Pd(II) was reached within 360 and 60 min, respectively. The adsorption isotherms were described by the typical 
monolayer type of Langmuir model, and the maximum uptake capacity was evaluated as 1550.4 and 112.6 mg g-1, respectively. 
The analysis of thermodynamic parameters revealed that the nature of adsorption was feasible, spontaneous and endothermic 
process. The applicability of adsorptive recovery of Au(III) and Pd(II) was investigated by treating waste printed circuit boards 
(PCBs) liquor leached with aqua regia, EPPFR can effectively adsorb precious metals but exhibited no affinity towards base 
metal ions. Characterized by FTIR, XRD, SEM, the adsorption of mechanisms were proposed to be redox and chelation, 
respectively. The present results suggested this tannin-based adsorbent EPPFR can serve as a potential adsorbent for the recovery 
of Au(III) and Pd(II) from waste PCBs liquor in hydrochloric acid solutions. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of Tsinghua University/ Basel Convention Regional Centre for Asia and the Pacific. 
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1. Introduction 
As mobile phone has changed from durable industry goods to fast personalized consumer goods, newer, cheaper, 
and more advanced mobile phones are continuously replacing the old ones. Short life span of the electrical and 
electronic equipment has generated huge tonnage of Waste Electrical and Electronic Equipment (WEEE) called “E-
waste” [1]. Printed circuit board (PCB) is a key component of WEEE, which contains relatively high contents of 
precious metals Au, Ag, Pd, Pt and base metals such as Cu, Fe, Ni, Zn, Sn, Pb [2, 3]. From economic and 
environmental perspective, recycling valuable metals from waste PCBs is very attractive because each ton has 130 
kg of Cu, 1.38 kg of Ag, 0.35 kg of Au, and 0.21 kg of Pd on average, where the precious metals Au and Pd 
contribute  more than 80% of the economic value [4]. 
Over the last two decades, rising concerns have been devoted to the techniques for hydro-metallurgical processes 
in the recycling of E-waste. Hydrometallurgical processing could be preferred over pyro-metallurgy due to its 
flexibility, ease, low capital requirement and environmental friendliness [5, 6]. The initial step in hydro-
metallurgical processing is leaching of precious metals by some lixiviants like cyanide, thiourea, thiosulfate, and 
aqua regia. When leached with aqua regia, gold and palladium metal ions are in the anionic form of chloro-metal 
complexes [AuCl4]-, [PdCl4]2-, respectively, while the base metal ions appear in their cationic forms. Then, the 
leachate are subjected to separation and purification procedures such as precipitation, solvent extraction, adsorption 
and ion-exchange to isolate and concentrate the metals of interest [3, 7]. 
Nowadays, biosorption has emerged as a cost effective biological method which possesses good potential for 
recovery of precious metals, many researchers have investigated the recovery of Au(I) [8], Au(III) [9, 10], Pt(IV) 
[11], Pd(II) [12, 13] using biosorbents. Due to their high content of multiple adjacent phenolic hydroxyls, tannins 
exhibit high affinity towards many metal ions [14-16]. However, the adsorption of metal ions onto the tannin gel is 
affected significantly by pH and functional groups of the adsorbent. In our precious work, a natural resin, 
persimmon powder formaldehyde resin (PPF resin) has demonstrated strong tendency to reduce the adsorbed Au(III) 
to metallic gold through redox mechanism [17], but this adsorbent shows poor adsorption capacity towards Pd(II) 
under harsh industrial conditions of hydrochloric acid medium [18]. According to Pearson’ HSAB theory, chelating 
agents with N and S groups have higher affinity and selectivity for soft metal ions [PdCl4]2-. Several ligands such as 
bisthiourea [6], N-aminoguanidine [19] and thiocyanate [20] were used to functionalize the cross-linked tannin for 
adsorption of metal ions. However, the ethylenediamine-modified tannin adsorbent and the potential effectiveness of 
the adsorbent for the adsorption of Au(III) and Pd(II) have not been discussed. 
In this study, the ethylenediamine-modified persimmon powder formaldehyde resin (EPPFR) was prepared for 
selective recovery of Au(III) and Pd(II) ions from acidic aqueous solution. The EPPFR, which has bifuctional 
groups of phenolic hydroxyl and amine groups, is expected to fuction as a better adsorbent for precious metals. The 
adsorption behaviors of EPPFR towards Au(III) and Pd(II) were studied. Effectiveness of the prepared adsorbent for 
selective recovery of Au(III) and Pd(II) from waste PCBs has also tested to verify its potential application in 
industrial conditions. Besides, FTIR, XRD and SEM studies were performed to understand the adsorption 
mechanism of interaction. 
2. Materials and methods 
2.1. Materials  
The stock solutions of Au(III) and Pd(II) were prepared by dissolving chloroauric acid tetrahydrate 
(HAuCl4·4H2O) and palladium nitrate dehydrate (Pd(NO3)2·2H2O). Analytical grade HAuCl4·4H2O, HNO3, HCl, 
NaOH, thiourea, formaldehyde, paraformaldehyde and ethylenediamine were purchased from from Sinopharm 
Chemical Reagent Co. Ltd., Beijing, China. Pd(NO3)2·2H2O was purchased from Yurui chemical. Co. Ltd., 
Shanghai, China. Deionized water was generated using a Milli-Q Millipore water purification system. The samples 
of waste PCBs leach liquor were obtained as follows. 200 g powers of spent mobile phone circuit board was leached 
with 400 mL aqua regia, and the metal concentration in the filtrate was measured after proper acidity adjustment 
with NaOH solution. The metal concentrations presented in the leach liquor sample were determined to 158, 42, 
1605, 80, 140, 8.5 mg L-1 of Au(III), Pd(II), Cu(II), Ni(II), Fe(III), Zn(II), respectively. The acid concentration of 
this sample was found to be 2.54 M by neutralization titration. 
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2.2. Preparation of the adsorbent EPPFR 
Tannin-riched persimmon powder was kindly donated by Huikun Agriculture Product Co. Ltd., Gongcheng, 
China. The persimmon powder (28 g) was dissolved in 50 mL of 0.25 M NaOH solution at room temperature, then 6 
mL 37% formaldehyde solution was added and the mixture was heated at 353 K. After 12 h, the product of PPF 
resin was filtered, crushed, rinsed repeatedly with deionized water, and finally dried for 24 h at 338 K. The 
ethylenediamine-modification of PPF resin (EPPFR) was synthesized according to the following procedure. First, 5 
g PPF resin and 2.5 g paraformaldehyde were placed into a three-necked flask, and approximately 30 mL 
concentrated HCl was added and heated at 353 K for 2 h, then 8 mL ethylenediamine was added and stirred at 363 K 
for 12 h. The obtained ethylenediamine-modified product was filtered, rinsed repeatedly with deionized water, and 
dried at 338 K. Finally, the dried adsorbent was crushed and sieved into tiny particles. The estimated chemical 
structure of EPPFR was shown in Fig. 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3. Characterization of the adsorbent 
Characterization of the adsorbent was performed by fourier transform infrared spectra (FTIR) with Nicolet 6700 
spectrophotometer using KBr pellet method, X-ray diffraction (XRD) on a Bruker D8 advance diffractometer, 
scanning electron microscope (SEM) using a Jeol JSM-6390LV instrument. 
2.4. Adsorption experiments 
A series of adsorption tests were carried out by batch mode in a thermostatic shaking incubator (SHZ-82) at 200 
rpm. 15 mg dry adsorbent was mixed with 15 mL working solutions and shaken for certain time, then the mixture 
was filtered and the metal ion concentration in the filtrate was measured by atomic adsorption spectrophotometer 
(AAS, Virian Spectra AA 220). To study the effect of HCl concentration on the Au(III) and Pd(II) adsorption, varied 
concentration of 0.1-6 M HCl was chosen. The kinetic experiment was conducted for varied time (5-720 min), the 
adsorption isotherm was studied with different initial concentration of Au(III) (200-3000 mg L-1) and Pd(II) (40-320 
mg L-1), respectively. 
 The adsorption percentage (%Adsorption) and the amount of metal ions adsorbed onto the adsorbent (q) were 
calculated as Eq.(1) and Eq.(2), respectively. 
100% u 
i
ei
C
CCAdsorption           (1)  
Fig. 1. The estimated chemical structure of the adsorbent EPPFR. 
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V
W
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where Ci is the initial metal ion concentration (mg L-1), Ce is the equilibrium metal ion concentration in solution 
(mg L-1), W is the amout of adsorbent used (mg) and V is the volume of the solution (mL). 
2.5. Continuous mode adsorption for waste PCBs leach liquor 
The continuous column of adsorption-desorption experiments were carried out on the packed glass column (1 cm 
× 30 cm) with 200 mg EPPFR. Prior to passing the test solution, deionized water was passed through the column for 
several hours for conditioning of the bed, then the PCBs liquor was fed through the column at constant flow rate of 
0.10 mL min-1 controlled by peristaltic pump (DHL-A). The effluent solutions were collected at hourly intervals 
using a fraction collect (BSA-100) and analysed  the metal ion concentration. Once the bed was saturated with metal 
ions, the packed adsorbent was firstly washed by deionized water for 12 h to expel any unbound metal ions. Then, 
the loaded metal ions were desorbed by 0.5 M HCl + 0.5 M thiourea as eluting agent. The eluted solution was also 
collected and analysed. The bed volume (B.V.) of the effluent is defined as Eq.(3). 
V
tvVB  ..                                    (3) 
Where v is the flow rate of the solution (0.10 mL min-1), t is the time for which the feed solution was pumped 
through the column bed (min), V is the wet volume of the packed adsorbent (0.3 mL). 
3. Results and discussion 
3.1. Effect of HCl concentration 
Fig. 2 shows the adsorption behaviour of the EPPFR towards Au(III) and Pd(II) at varied HCl concentration. It 
was found that 100% adsorption of Au(III) and Pd(II) was achieved in 0.1 M HCl. In previous work, PPF resin 
exhibits remarkable affinity towards Au(III) even in the higher HCl concentration of 5.82 M while the adsorption of 
Pd(II) was negligible [18]. After modification of PPF resin with ethylenediamine, the presence of phenolic hydroxyl 
and amine bifuctional groups makes it successful to improve the selectivity for precious metals as a better adsorbent. 
On the other hand, the adsorption rate declined rapidly with the increasing of HCl concentration, this indicated that 
the adsorption of metal ions onto this adsorbent is affected significantly by the acidity of the solution, probably due 
to the competitive adsorption of chloride ions. Since the lower acidity of solution is favourable for precious metal 
adsorption, so the next batch studies of adsorption kinetics and isotherm were conducted in 0.1M HCl. 
 
 
 Fig. 2. Effect of HCl concentration on the adsorption of Au(III) 
and Pd(II) by EPPFR. Adsorbent dosage = 1 g L-1, Ci : Au(III) 
200 mg L-1, Pd(II) 40 mg L-1, temperature = 303 K. 
Fig. 3. Experimental plots of adsorption kinetics of  Au(III) 
and Pd(II) on EPPFR. Adsorbent dosage = 1 g L-1, Ci : Au(III) 
600 mg L-1, Pd(II) 120 mg L-1, [HCl] = 0.1 M, shaking time = 
5-720 min. 
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3.2. Adsorption kinetics of Au(III) and Pd(II) 
The effect of contact time on the adsorption of Au(III) and Pd(II) onto EPPFR is shown in Fig. 3.The amount of 
both metal ions adsorbed sharply increased at the initial 60 min and then presented obvious differentiation. The 
adsorption of Au(III) was slowly increased and the equilibrium was reached within 360 min, while the equilibrium 
of Pd(II) adsorption approached a constant value after 60 min. The fast kinetics of Pd(II) can be reasonably 
attributed to the rapid chelation between Pd(II) ions and amine functional groups. As for Au(III) adsorption, the 
aggregates of gold particles are clearly observed by the naked eye, where the Au(III) ions are reduced to metallic 
gold by abundant phenolic hydroxyl groups of persimmon tannin. Due to the slow redox reaction, so the adsorption 
of Au(III) needs more time to reach equilibrium. To ensure the complete equilibrium, the shaking time was choosen 
for 12 h in the adsorption isotherms tests. 
The adsorption kinetic was described using pseudo first-order rate model and pseudo second-order rate model, 
which are represented in their linear forms by the following equations Eq.(4) and Eq.(5), respectively. 
303.2
log)log( 1
tkqqq ete                         (4) 
eet q
t
kqq
t  
2
2)(
1
                                        (5) 
where qe and qt are the amounts of metal ions adsorbed at equilibrium and at any time t (mg g-1), respectively, and 
N1 is the pseudo first-order rate constant (min-1), N2 is the pseudo-second order rate constant (mg g-1 min-1). Table 1 
shows the parameters estimated by the two kinetic models. The higer regression coefficient value (R2 > 0.99) 
obtained from the pseudo-second order kinetic model is much higher than that from the pseudo-first order model. In 
addition, the theoretical values of qe (cal.) calculated from the pseudo-second order model were close to the 
experimental values qe (exp.). This indicates that the pseudo-second order kinetic model is more suitable to describe 
the adsorption kinetics, and also implies that the chemisorption is the rate controlling mechanism. 
Table 1  
Kinetic parameters for the adsorption of Au(III) and Pd(II) onto EPPFR 
Metal qe (exp.) (mg g-1) Pseudo-first-order  Pseudo-second-order 
  K1 (min-1) R2 qe (cal.) (mg g-1) K2 (g mg-1 min-1) R2 
Au(III) 600.0 0.0099  0.991 613.5 0.00009 0.999 
Pd(II) 86.5 0.0398 0.981 86.2  0.00466 1.000 
3.3. Adsorption isotherms of Au(III) and Pd(II) 
To further evaluate the maximum adsorption capacity of Au(III) and Pd(II) onto EPPFR, the adsorption 
experiments were carried out at varied initial concentrations. Four isotherm equations have been used to fit the 
experimental data through non-linear regression techniques, namely, Langmuir [21], Freundlich [22], Temkin [23] 
and Dubinin-Radushkevich [24]. 
Langmuir isotherm: 
eL
eL
e CK
CKqq  1
max                     (6) 
Freundlich isotherm: n
eFe CKq
/1                       (7) 
Temkin isotherm: )ln( ee ACb
RTq                      (8) 
Dubinin-Radushkevich isotherm: )exp( 2EH me qq   )10001ln(
eC
MRT u H                      (9) 
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Where qmax is the maximum adsorption capacity (mg g-1), KL is the Langmuir constant related to the energy (L 
mg-1), KF and n are the Freundlich isotherm constants indicating the adsorption capacity and intensity, respectively, 
A is a Temkin constant which reflect the interactions between the adsorbate and the adsorbent (L mg-1), b is a 
constant related to heat of adsorption (J mol-1), qm is the Dubinin-Radushkevich monolayer capacity (mg g-1), β is a 
constant related to soption energy (mol2 kJ−2), the Polanyi sorption potential ε, which is related to the equilibrium 
concentration, R is the universal gas constant (8.314 J mol−1 K−1), T is the absolute temperature (K) and M is the 
molar mass of metal ions. 
Fig. 4 shows the adsorption isotherm and four nonlinear curve fittings of Au(III) and Pd(II) onto EPPFR. Typical 
L-shaped curves were obtained, the amount of metal ions adsorbed sharply increased with increasing the initial 
metal concentration, then slightly increased and followed by a plateau at high concentrations. According to the 
Langmuir model, the maximum adsorption capacity of Au(III) and Pd(II) was calculated as 1550.4 and 112.6 mg g-1, 
respectively, which is close to the experimental data. The Langmuir isotherm shows a better fit to the adsorption 
data than the other isotherm equations, which indicates the homogeneous distribution of active binding sites on the 
surface of the adsorbent EPPFR. 
 
Fig. 4. Adsorption isotherms of (a) Au(III) and (b) Pd(II) onto EPPFR. Adsorbent dosage = 1 g L-1, Ci : Au(III) 200-3000 mg L-1, Pd(II) 40-320 
mg L-1, [HCl] = 0.1 M, shaking time = 12 h. 
3.4. Effect of temperature 
The effect of temperature on the adsorption of Au(III) and Pd(II) was studied at three different temperatures (293, 
303, 313, 323 K). The thermodynamic parameters free Gibbs energy (ΔG0), enthalpy (ΔH0), and entropy (ΔS0) were 
determined by the following equations: 
e
ads
c C
CK                                 (10) 
R
S
RT
HKc
00 ΔΔ
ln           (11) 
cKRTG lnΔ 0                (12) 
where Kc is the distribution coefficient for the adsorption, Cads is the amount of metals adsorbed by EPPFR at 
equilibrium (mg L-1), Ce is the amount of metals remaining in the solution at equilibrium (mg L-1) 
As shown in Fig. 5, the adsorption capacity increased with increasing T indicating that the endothermic nature of 
the sorption process. The values of ΔG0, ΔH0, ΔS0 calculated from the slope and intercept of the plots and ln Kc 
versus 1/T are shown in Table 2. The negative ΔG0 values increased with temperature, indicating the spontaneity of 
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the adsorption process onto EPPFR. The positive ΔH0 indicated the endothermic nature of the adsorption process 
and the positive ΔS0 signified an increase in the randomness. 
 
 
 
 
Table 2  
Thermodynamic parameters for the adsorption of Au(III) and Pd(III) on EPPFR 
Metal Temp.(K) Kc ΔG0˄kJ mol-1˅ ΔH0˄kJ mol-1˅ ΔS0˄kJ mol-1·K-1˅ R2 
Au(III) 293 2.46 -2.19 122.9 0.422 0.865 
 303 4.91 -4.01    
 313 14.32 -6.92    
 323 333.3 -15.60    
Pd(III) 293 2.29 -2.02 10.05 0.041 0.991 
 303 2.55 -2.35    
 313 2.92 -2.78    
 323 3.36 -3.25    
3.5. Selective recovery of Au(III) and Pd(II) form waste PCBs leach liquor 
The applicability of adsorptive recovery of Au(III) and Pd(II) was investigated by treating waste PCBs liquor 
leached with aqua regia. It was desirable that the leached gold and palladium can be selectively recovered form 
acidic aqueous solution containing the base metals such as Cu(II), Ni(II), Fe(II) and Zn(II). Higher adsorbent dose 
has favorable impact on the adsorption uptake percentage. Fig. 6 presents the influence of adsorbent dose on Au(III) 
and Pd(II) recovery in presence of base ions from the leach liquor. It was obvious that Cu(II), Ni(II), Fe(II) and 
Zn(II) ions were not adsorbed onto the adsorbent EPPFR. EPPFR exhibits highest affinity towards Au(III), the 
percentages adsorption of Pd(II) increased with increasing adsorbent dose. This can be attributed to the greater 
availability of adsorption sites or surface area at higher adsorbent doses. 100% of adsorption percentage of Au(III) 
and Pd(II) was achieved by 75 mg of adsorbent dose. This demonstrates that a minimum adsorbent dose (5 g L-1) is 
sufficient for complete recovery of precious metals from industrial samples. 
From the curve shown in Fig. 7, the breakthroughs of Cu(II), Ni(II), Fe(II) and Zn(II) occurred immediately after 
the start of flow, Au(III) and Pd(II) were adsorbed on the adsorbent and their breakthroughs started at 40, 100 bed 
volumes (B.V.), respectively. This indicates that Au(III) and Pd(II) can be separated form coexisting base metals by 
continuous operation. Once the column adsorption was saturated, the loaded metal ions were eluted by acidic 
Fig. 5. Effect of temperature on the adsorption of Au(III) and 
Pd(II). Adsorbent dosage = 1 g L-1, Ci : Au(III) 600 mg L-1, 
Pd(II) 120 mg L-1, [HCl] = 0.1 M, shaking time = 120 min. 
 
Fig. 6. Effect of EPPFR dose on the adsorption of Au(III) 
and Pd(II) from waste PCBs leach liquor (containing 158, 42, 
1605, 80, 140, 8.5 mg L-1 of Au(III), Pd(II), Cu(II), Ni(II), 
Fe(III) , Zn(II), respectively). [H+] = 2.54 M, shaking time = 
12 h. 
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thiourea solution. As seen from the elution profiles shown in Fig. 8, Au(III) and Pd(II) were eluted with 
preconcentration factors of 3.2 and 1.6, respectively. The precious metals of Au(III) and Pd(II) containing in the 
PCBs leach liquor were successfully recovered by EPPFR, this results demonstrated a strategy of precious metals 
recovery from acidic leached liquor of PCBs. 
 
 
 
3.6. Characterization and adsorption mechanism 
Fig. 9 shows the  FTIR spectra of EPPFR before and after adsorption of Au(III) and Pd(II). In the spectra of 
EPPFR, the broad band at 3383, 3302 cm-1 are assigned to phenolic O–H stretching vibration and N–H bending, the 
small peaks of 2933, 2872 cm-1 are attributed to C–H stretching of phenolic ring. The sharp band at 1612 cm-1 
represents C=O stretching vibration of ester and ketone groups, the band at 1452cm-1 is due to ring C–N stretching 
vibration [25], the peaks observed at 1351 cm-1, 1180 cm-1, 1105 cm-1 are assigned to O–H bending vibration, C=C–
O stretching, and C–O stretching vibrations, respectively . After adsorption of Pd(II), the C–N vibration at 1452 cm-
1 is shifted to 1457 cm-1, this may be attributed to the changes in Pd(II) ions associated with amine groups via 
chelation. After adsorption of Au(III), the broad band of O–H vibration becomes weaker and the peak of O–H band 
at 1351 cm-1 decreases with the increasing of C–O band at 1107 cm-1, indicating that the phenolic hydroxyl groups 
of persimmon tannin are oxidized to carbonyl groups. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Breakthrough profiles of Au(III), Pd(II), Cu(II), Ni(II), 
Fe(II) and Zn(II) from acidic leached liquor of PCBs. Flow 
rate = 0.1 mL min-1, room temperature. 
Fig. 8. Elution profiles of Au(III) and Pd(II) by acidic thiourea 
solution. Flow rate = 0.1 mL min-1, room temperature. 
Fig. 9. FT-IR spectra of (a) EPPFR, (b) after  adsorption of Pd(II) 
and (c) after adsorption of of Au(III). 
Fig. 10. XRD spectra of EPPFR after  adsorption of Au(III) and 
Pd(II). 
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Fig. 10 shows the XRD patterns of EPPFR after adsorption of Au(III) and Pd(II). The appearance of the 
characteristic peaks of metallic gold at 2θ value of 38.2, 44.4, 64.7, 77.6 indicates that the Au(III) can be reduced to 
elemental Au in the adsorption process, while the peaks of elemental Pd are not appeared. SEM images is shown in 
Fig. 11. It was observed that the adsorbent EPPFR is irregular and smooth before adsorption. After adsorption of 
Au(III), an abundant of metallic gold particles are formed and aggregated. After adsorption of Pd(II), the surface of 
the adsorbent becomes coarse, which indicates the outer surface of the adsorbent is covered with Pd(II) ions. 
 
 
Fig. 11. SEM images of (a) EPPFR, (b) after adsorption of Au(III) and (c) after adsorption of Pd(II). 
As discussed above, we can conclude that the adsorption mechanisms of Au(III) and Pd(II) onto EPPFR are 
different. In the hydrochloric acidic solution, gold and palladium are present in its stable form of [AuCl4]-, [PdCl4]2- 
while the adsorbent EPPFR are protonated with positive charge. These anionic metals are attracted into the surface 
of the adsorbent by electrostatic force, then the phenolic hydroxyl of EPPFE with favorable redox potential can react 
with Au(III), resulting in the reduction of Au(III) to metallic gold and the oxidization of phenolic hydroxyl. As for 
the adsorption of Pd(II), the amine groups and Pd(II) can form the five membered chelate by two contiguous  
nitrogen atoms of the adsorbent.  
4. Conclusions 
The present studies have demonstrated that EPPFR can be used for the effective adsorption of Au(III) and Pd(II) 
from hydrochloric acidic solutions. After modification of ethylenediamine, this bifuctional adsorbent showed 
significant increase in the adsorption of Pd(II). The adsorption of Au(III) and Pd(II) was found dependent on HCl 
concentration, and the maximum adsorption capacity was evaluated as 1550.4 and 112.6 mg g-1, respectively. The 
pseudo-second-order kinetics and Langmuir isotherm models precisely fitted the experimental data, respectively. 
The selective recovery of Au(III) and Pd(II) from waste PCBs liquor was applied to be effective, and the loaded 
metals can be easily desorbed by acidic thiourea. Supported by characterization of FTIR, XRD and SEM, the 
adsorption mechanisms of Au(III) and Pd(II) were proposed to be redox and chelation, respectively. 
Acknowledgments 
This work was financially supported by Special Fund for Agro-scientific Research in the Public Interest 
(201203047) and scientific research project of institute for new rural development of Jingchu University of 
Technology (Z201504).  
References 
[1] Akcil A, Erust C, Gahan CS, Ozgun M, Sahin M, Tuncuk A. Precious metal recovery from waste printed circuit boards using cyanide and 
non-cyanide lixiviants - A review. Waste Manag 2015. 
[2] Gurung M, Adhikari BB, Kawakita H, Ohto K, Inoue K, Alam S. Recovery of gold and silver from spent mobile phones by means of 
acidothiourea leaching followed by adsorption using biosorbent prepared from persimmon tannin. Hydrometallurgy 2013; 133: 84-93. 
[3] Cui J, Zhang L. Metallurgical recovery of metals from electronic waste: a review. J Hazard Mater 2008; 158: 228-56. 
[4] Hagelüken C. Improving metal returns and eco-efficiency in electronics recycling – A holistic approach for interface optimisation between 
pre-processing and integrated metals smelting and refining. IEEE International Symposium on Electronics and the Environment 2006;  218–23. 
[5] Park YJ, Fray DJ. Recovery of high purity precious metals from printed circuit boards. J Hazard Mater 2009; 164: 1152-8. 
[6] Gurung M, Adhikari BB, Kawakita H, Ohto K, Inoue K, Alam S. Selective Recovery of Precious Metals from Acidic Leach Liquor of Circuit 
194   Qingping Yi et al. /  Procedia Environmental Sciences  31 ( 2016 )  185 – 194 
Boards of Spent Mobile Phones Using Chemically Modified Persimmon Tannin Gel. Ind Eng Chem Res 2012; 51: 11901-13. 
[7] Won SW, Kotte P, Wei W, Lim A, Yun YS. Biosorbents for recovery of precious metals. Bioresour Technol 2014; 160: 203-12. 
[8] Park SI, Kwak IS, Bae MA, Mao J, Won SW, Han do H, Chung YS, Yun YS. Recovery of gold as a type of porous fiber by using biosorption 
followed by incineration. Bioresour Technol 2012; 104: 208-14. 
[9] Arrascue ML, Garcia HM, Horna O, Guibal E. Gold sorption on chitosan derivatives. Hydrometallurgy 2003; 71: 191-200. 
[10] Parajuli D, Kawakita H, Inoue K, Ohto K, Kajiyama K. Persimmon peel gel for the selective recovery of gold. Hydrometallurgy 2007; 87: 
133-9. 
[11] Guibal E, Vincent T, Mendoza RN. Synthesis and characterization of a thiourea derivative of chitosan for platinum recovery. J Appl Polym 
Sci 2000; 75: 119-34. 
[12] Parajuli D, Inoue K, Kawakita H, Ohto K, Harada H, Funaoka M. Recovery of precious metals using lignophenol compounds. Miner Eng 
2008; 21: 61-4. 
[13] Ho Kim Y, Nakano Y. Adsorption mechanism of palladium by redox within condensed-tannin gel. Water Res 2005; 39: 1324-30. 
[14] Gurung M, Adhikari BB, Alam S, Kawakita H, Ohto K, Inoue K. Persimmon tannin-based new sorption material for resource recycling and 
recovery of precious metals. Chem Eng J 2013; 228: 405-14. 
[15] Yurtsever M, Sengil IA. Biosorption of Pb(II) ions by modified quebracho tannin resin. J Hazard Mater 2009; 163: 58-64. 
[16] Nakajima A, Baba Y. Mechanism of hexavalent chromium adsorption by persimmon tannin gel. Water Res 2004; 38: 2859-64. 
[17] Xie F, Fan Z, Zhang Q, Luo Z. Selective adsorption of Au3+ from aqueous solutions using persimmon powder-formaldehyde resin. J Appl 
Polym Sci 2013; 130: 3937-46. 
[18] Fan R, Xie F, Guan X, Zhang Q, Luo Z. Selective adsorption and recovery of Au(III) from three kinds of acidic systems by persimmon 
residual based bio-sorbent: a method for gold recycling from e-wastes. Bioresour Technol 2014; 163: 167-71. 
[19] Gurung M, Adhikari BB, Morisada S, Kawakita H, Ohto K, Inoue K, Alam S. N-aminoguanidine modified persimmon tannin: a new 
sustainable material for selective adsorption, preconcentration and recovery of precious metals from acidic chloride solution. Bioresour Technol 
2013; 129: 108-17. 
[20] Morisada S, Kim Y-H, Yakuwa S, Ogata T, Nakano Y. Preparation of Thiocyanate-Retaining Tannin Gel for Adsorption Recovery of 
Palladium from Strong Hydrochloric Acid Solutions. Ind Eng Chem Res 2011; 50: 12366-71. 
[21] Langmuir I. The constitution and fundamental properties of solids and liquilds. Am Chem Soc 1916; 38: 2221-95. 
[22] Freundlich H. Over the adsorption in solution. J Phys Chem 1906; 57: 385-470. 
[23] Tempkin MJ, Pyzhev V. Kinetics of ammonia synthesis on promoted iron catalysts. Acta Physicochim URSS 1940; 12: 217-22. 
[24] Dubinin MM, Radushkevich LV. Equation of the characteristic curve of activated charcoal proceedings of the academy of sciences. Phys 
Chem Section USSR 1947; 55: 331-3. 
[25] Zhou L, Xu J, Liang X, Liu Z. Adsorption of platinum(IV) and palladium(II) from aqueous solution by magnetic cross-linking chitosan 
nanoparticles modified with ethylenediamine. J Hazard Mater 2010; 182: 518-24. 
